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ABSTRACT

A final report on the work accomnpli shed during a two-year prograrm on
-laser, semiconducting, and magnetic materialis is presented. The laser
materials Ptudied included YAP 0 3 :.Er3 , SrF2 :(G ,+ C 3 +)anOd

3+ 3 GdCc)1ad-d?

(Gd , e). High-resolution optical spectroscopy and EPR studies were
c.arried out.

Electrical characteristics of the insulating and semiconducting states
of the doped CdF 2system were studied and LED's were constructed using this
system. Extensive theoretical and computaU~i(.a) studies were carried out on
the YAMO3 and- SrF 2 doped materials. An experimental facility for the evaluation
of iaser materials at the sponisor's site was begun. The pulsed Raman technique
was dev-2loped.

Electric:al and optical properties of ZnSe doped wvith 7Li, Cu, Ur Na as
well as samples implanted with Zn and samples of ZnO hycdrotherm-ally grown
wit h L i, C dS, or ZnS were studied. Also, measurements were mxade on
radiiation riam-agled Cie and Si. The intrinsic coercivc force in multidorriain single
crystal (rare ear-hi) Co 5 alloys were studi.ed and a mnodel describing the observed
behavior is presented.
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PART I

LASER MATERIALS STUDIES

Dr. Perry P. Yaney
Mr. John A. Detrio

Dr. J. Michael O'Hare

Department of Physics

INTRUDUCTION

This part presents the work performed on laser materials and is divided

into seven sections. Sections 1, 2, 3, 6, and 7 are in summary form. Details

of the work described in these sections can be obtained from published papers

or from preprints of papers in preparation obtainable from the authors. A

complete listing of reports, presentations, and publications resulting from the

work reported herein is given in Section 8.

SECTION 1

ANALY.SES OF OPTICAL SPECTRA

1.1 Gd3+ in SrF 2

Thp fluorites, namely Ca, Sr, and BaF , have continued to provide a

fruitful series of lattices to study the many processes and circumstances

associated with a RE ion in a dielectric host. Of particular importance to

the development of solid-state lasers is the question of line strengths,

especially their calculation when the ion is in a given site symmetry. The

large ariount of expe"imental and calculational information available on Gd 3 +

particularly in the C4v site of SrF., (1) made'this ion a convenient choice for

line strength analyses. A selected (4)of the energy level schemes of

Gd in various hosts is shown in Figure 1.

The transitions of GO3 + it the tetragonal (CA) site of S were examined, (5( ) 2:
in letail by two approaches. Both use the Ofelt-Jucd theor of induced

clectric-dipole transitions of 1 E ions in solids. One method 1 7 ) uses a direct

search principle to fit the T 2 and T 6 parameters of Judd(6 ) to the experimental

data. The other method (8) is cs. entially an "ab initio" approach where certain
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assumptions concerning the characte r of the inte -action3 and the rrystal

field are mnado so as to permit a direct calculation of the induced electric

dipole strengtl.s. For both cases, t -e experimental values of the oscillator

sirengths; for the J-manifolds were obtained from a concentration study of

the C 4vsite of Gd" in SrF. P* apers desk:iibing these two methods and their

results are in preparation. One of the imnportant applications of line strength

-calculations is to the analyses of Zeemnan spectra. A detailed reiw()of the

theory of the Zeeman Affect on RE ions (with eniphaaiS on (ad 3+) in the fluorite

latticce and of the reouircd line strength calculations will be- published under

separate cover.

In the 'diroct-sicarch'' method, ()ttl, experimental oscillator strengths

are determined by a linear least squares analysis of absorption eata vers'Is

concentration. The pararnctars T ?and T 6are then fitted to the expt-rimrental

strength.4 aftciz the theoretical valv_2s of magnetic dipole and electric qjuad-ipole

art subtracttcl out. It is9 found that, depending or. which of the sta'tes- are

incL'uded in the fitting routinL, there are several iuossible sets of T, i);ra1Twteu s.

'lie set which gave thz! sroallest X vas found to be that which gives the

smallest elcctric dipole character to the 6137 /?' 5/2 transitions.

One noteworthy contribution in thc paper deucribing thits method, is the

c"lC-11lation of the line strengths- using the cry stal field mnatrix elcrnrts for the

quanitumn mechanical hasic states. The calculatione showed that crysital -ficid

J mixing ; i indeed timall for the 6P triultiplets it, the C 4vsite but that a silight

imp rovinent is obtained betwee-n calculation and t-heory when J-ioing is

incudud. A,.otlicr calculiktiiun, which is rarely seen in the literature which also

app*a r s in ti r"-' ib that of the transition strengths to individual cryntal

fiuld le Hwithin a J zuanifoMN. The Orelt -.ludd theory is; usually restrictud
6 (1to of lijii, atdit i g~i 1over an entire nitiltiplet, C. g. P17/ or The.

re tt vv ciieper i no cot and cal cu' inon isi exc tA i t.

11, the ''al illitio' ehd the T 2' 4' 6 purameters arec alculatcd
(6)

di retly fromi the theo retic -,I expres sion given 1by judd. te nonzeroj valuctj

of t1 e odd -parity crystal field c 0c Ifi Ciciis r t IYC mm (:nid by Cale ul atiiig the1

point charge ewit ri1tits that occur vwhcni the fluorinc cell surroundi ng tl.,-

3



Gd 3+ion is distorted by the incluision of the ninth F- ion along tli.± [001]

direction. Two distortion parameters are defined which specify thc moverrent

of the F- ions relative to the Gd 3+ion. The experimental values of oscillator

strength are found by a procedure which utilizes the theoretical ratios of the

strengths of the 6P /2an d 6P 7 .transitions with the corresponding

experimental ratio~s. This technique diotermnines a set of oscillator strengths

which are constrained by the current theoretical calculation and, therefore,

has the advantag! of giving an unique fit. The resulting values of oscillator

strength are then used to dcterrninc the values of tile disitortion paranieters

needed to fit thc electric dipole content of the transitions. This method was

found to be somewhat dependent or the existence of J -mixing. F ree -Jon values
to

of magnetic dipole strengths do not permit a close fit to the D 9 / 2 ' 7/2

transitions, whereas, thc,40 stren.7thb in the C4 v site including J-niixing give a

more reasonable result for thetse D 11transitionsH.

An additional value of this approach is that not only can the transition

strenrwths between individual cry ital-field levels b(- Lalculated but the tie

between thle ion lpla(ctmen~ts and !.hc indiuc ed electric dipoin! contributions can be

determined, This is not lirniteC U.o sitesj in which thet induced electric dipole

strength conies vntirely from a diiitcrtion of the host syniunetry. The basic

concept of this inethod is that tl-c ivcucod electric dipole contribuitian c ~n be

relate-d directly to the point-churge movdel of tUe sio-rounding ion wheren

appropriate ion lspacings in this complex are chosen to fit the calculattd

stretg'.nir '.o the observed values while niain'iaining the corruct point-wgramp

4ymnwtiy andI appro~ximate angular locat.ions of tho sur rounding ion :- as sccu

ai the RE sice.

An interesting retoflt obtainecd using thi A last appro)ach is that it is

1pus si hieto r( stimnate the a b sulitu C it (on c cot atliII s for OItL thl-( ' f ailn sites,

cubic ~ (C) rC 4v ( ), and t ri gorial (C3v)asfnto .. Oc id3 111

,ijnina cif- oi.tcsthra-iticr, Ats was found in LII( StLudjjIe,,9 the

iatik) of thle , cto a~ia1 ul~ eta ini Ti.c leabe vifi~ ih 14IICaaig GdI 3+COl -

cent rati(inl, AL3 w:1Il b--- dIl; .,iedi ections ?- and 0 of thiE; r i~port, the Saile
3+ 34

Vc- Illt i!n IA. irved inI 5)' ILIubICe d peJd withl Gd and Go" Zta a hioct [0 T ff



the Ce 3 doping. There is, however, a significant difference between the J.PR

results and those obtained from the optical data. The optical data shows ti at

in the singly doped samples, the i. -tio increases because the axiail site cor -

centration decreases with the cubic concentration remaining almost conSt; r.t

* -to 0. 5 mole '7o Gd 3+. In the doubled doped samples, (1)th- ratio increase~i

also, but at a Laster rate, primarily because of the rather sudden appearance

aid ropid growth of the culdc spectrum at around 0. 1 mole % Ge 3 with -he
3+

total axial cuict!ntration decreasing rapidly above 0. 2 mole 0,, Ce .T, o

Propo-4als for ex-plainting these observations are presented in Section 2.

E 1 3+.i %,A t0.

The 'n.,t recent wt.o -.kon rare earth spuctra concerns the line ftrcrigths

of Er 3+in YAZO .The 1 )olrrized absorption spectra wei e tak,-en by A. Santiago3'Iin the course of pursuing an Air Force Institute of Technology (AFIT) thesis.

The exposureq were traced by University of Dayton personnel and first

analyzed to determidne the extcnt of adverse effects such as over absorption,

saturation and n,)niinearities in thie photogr aphi c- plate response. AS a prelude

to fitting the individulal crystal field level tr ingitions, the Ofelt-Jbdr] theory

was applied to the composite spectra. The results 7)are suriiniarized in

Tables I and II and in Figure 2. These data arc being prepared for publication.

5
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TABLE I
34.

ILINE STRENGTH DATA FOR Er :YA03
Oscillator Strength (xlO -6

Multiplet Energy Expt'l a Calc. b
(crn ) Case I Case !T Case Ill

419/2 12, 543. Z 3. 10 1.57 0. 89 1.95

4F912 13,346.5 13.8 9.37 11.4 12. 07'

4S 3 / 2  18, 421. 6 5.61 2. 29 5. 04 3. 11-:

2 H 1/2 19, 192.4 27.8 27.6 27. 5 27. 8
4 F 7 Z20 559. 4 9. 5 9. 47 17. 3 12. 6 '

4F 22, 202.4 5. 12 2. 89 6. 35 3. 95/2

4F 22,535.9 4.93 1.74 3. 82 2. 3 ,

3/2

u 24,601.8 7.50 3.66 7.47 4. c,3,::

4 1G! 27,141,0 50.43 50.44 50.16 50.7

27, 433. 5 22. 23 25. 38 39. 39 32. 9

2p3i2 31, 492. 1 1,40 0. 34 0. 74 0. 4(,'::

4G7/Z 33,969.8 4.69 0.89 0. 53 1. 10

2D 5/2 34, 752. 7 1. 27 0.51 1. 12 0. 69

19/2 36, 359. 4 1.60 1.33 0. U4 1.65

RMS Deviation (xl0 " ) 6. 5 14. 6.

a) All data were fit with unit weight

b) All data were fit to obtain the three line 3trcngth pa..ameters in sequence

c) So)ected lines orly were ,sCd il, tle fit - thu ,s tri an astu.,isk

1C



TABLE II

SUMMARY OF PARAMETERS FIT TO Er 3+:YAtO 3LINE STRF.NG&TH DATA

Parameter Case I Case II bCasr. III C

(X10 9 )

T 13.1 13.' 12.2,

14 5. 58 2.67 6. 9

T 6  4.83 10. 6 6.6

RMS Deviation (xlO )6. 5 14. 0 7. 91;

Avg Percent Deviation 39 36 34

a) All data were fit with unit weight

b) Al. data were fit to obtain the three line-strength parameters in sequence

c) Felected lines only were used in the fit -those with an asterisk
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SECTION 2

CLUSTERING OF RE IONS IN CRYSTALS

2.1 INTRODUCTION

This area of activity arose from optical studies by Wolf and Yaney(l1)

(10) 3+ 3+and Schaeffer and Yaney of SrF double doped with Gd and Ce . These

studies showed that the uv fluorescence of Gd 3 + was enhanced by a factor of
3+50 to 60 by the addition of Ce

Continued study of the optical data and the results of EPR studies ( 9 )

revealed that the concentration of the cubic site of Gd 3 + increased with increasing
3+

Ce concentration in contradiction to the usual statistical mechanics pre-

dictions (see Reference 12 and the papers cited therein). Two explanations were

offered to explain this behavior. The first( 1 3 1- based on the EPR results

and reviewed in Section 6 of this report, purposes that the cubic site is

locally compensated, that is, the Gd 3 + ions are in large clusters, the Gd3 +

site of which has cubic symmetry. A brief description of this model is given

in the following paragraphs. The second explanation ( 8 ) assumes that the cubic

site is the usual nonlocally-compensated cubic site common to RE ions in

fluorites. Its behavior is then explained by assuming that Ce 3 + acts as a

"getter" for the interstitial F ions in the SrF lattice. This model is described

in some detail in Paragraph 2. 3.

2. 2 THE LOCAL CUBIC PHASE MODEL

It has been observed by several investigators (see Reference 12 and the

papers cited therein) that as the rare earth impurity concentration is increased

in fluorite crystals the relative number of cubic symmetry sites increases.

This is exactly opposite to what one would expect on the basis of statistical
mechanical considerations. A model has been proposed( 1 2 , 1 3 )which would

resolve this discrepancy. The basic feature of the model is that a separate

9



phase RF 3 :3 (MeF 2 ) (R - rare earth ion and Me - divalent metal ion) of a

fluorite lattice exists within the crystal which preserves a cubic environment

for the tripositive rare earth ion, but for which the charge compensation

mechanism is of a local nature. The usual compensation mechanism for

cubic symmetry is of a nonlocal nature, i. e. , the charge compensating

fluorine is so far away from the rare earth impurity that the point group

symmetry of the L!are earth site is the cubic symmetry of the fluorite lattice.

It is the relative populations of this type of site that one would expect to de-

crease as the impurity concentration is increased.

In the local cubic phase model R 3+:F - defect pairs condense into a

separate phase, RF 3:3 (MeF 2), by forming localized regions of high con-

centrations of these pairs. The point group symmetry of the rare earth

impurity sites in this phase is cubic. As the concentration of rare earth
R3+ F

impurities is increased more R :F defect pairs condense into this phase

thus explaining the increase in the relative .tumber of cubic impurity sites.

The critical concentration at which the local cubic phase could form is

found to be

f= 6 exp( ' + 1)
kT

where f is the concentration of rare earth impurities and ' is the average
R3+ F

excess interaction energy of attraction of a R :F pair in this phase with

all other pairs in the phase. By excess energy we mean the additional

energy of interaction due to the clustering of pairs. Calculations have been

carried out for the case of SrF :Gd 3+ and SrF : (Gd 3+ , Ce 3+ ) which indicate

that the local cubic phase could form at concentrations as low as 0. 36%76 total

rare earth impurity concentration.

3+ 3+2. 3 OPTICAL STUDIES OF SrF 2 : (Gd Ce

These studies can be separated naturally into two parts; those on

absorption spectra and those on fluorescence and excitation spectra.

10

. % .-



The fluorescence data from these samples has been reduced and the results

indicate that the observed spectra is produced by three basic sites and their pair

spectra. One site is the common C 4 v site of Gd 3 + wherein the radiation
4V (14)

trapping phenomenon is observed. in the lifetime data. This is illustrated in

Figure 3. This result is supported by the identification of a C4v pair line

in the fluorescence spectra of the samples.

The identification of additional pair lines plus other arguments based

on the probability of the nearest and next-nearest neighbor clusters of Gd,

and Ce 3 + and analyses of absorption and excitation spectra have provided strong

evidence for the assertion that the e:hanced fluorescence output trom the

double-doped samples arises from Gd 3 + and Ce 3 + in nearest-neighbor and next-

nearest-neighbor doubles clusters. These results as well as those coming

from the absorption data ace many fold and are being piepared for publication.

(8)
In this report we shall describe only the analysis of the absorption

spectra in some detail. Basically, we can show that by arntirng for the

association energy of Gd - F pairs, the dependence of Gd 3 + singles
i nt

concentration on total RE concentration, and the probable "gettering" action

of Ce 1  on interstitial Y_ ions compared Lo LI-i.t f , ;'v can e:, 1I, n
3+3

reasonably well the observed Gd site concentration change! versus the Ce 3 +

conrent ration.

In brief, the fractional concentration of a fluorine compensated axial site

is found from statistical ,echanics arguments ( 1 2 ) to be approxin.ately,

f 9 gf /[gf + exp -( I/ r Ig g

where g - 6 or 8 corresponds to either the tetragonal (C 4v) or trigonal (C-
-1

sit(., rspectiv..ly, f is the fracti inal co .cntratimz of IIE ions in single

sits, and is the as sociation energy of the . 3 +  . F pair. "'he singlep,
~2+.

doubles, and triples concentrations of Me inpurity ions in simple lattices

(1,)hals ben (o inpitud zassu-ninj next-rnearest-neighbor interaction:4. This

li
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approach can be applied o the R 3+ions in SrrF if the influence of the additional

charge is neglected. For the singles concentratic.n this analysis gives

f = Y (I - Z)'

where Z is the total RE fractional concentration and Y is the Gd 3+fractional

concentration.

In order to account for the increase in the cubic concentration, we assume,

consistent wivth ionic conductivity experirrents on Nd 3 and Tb 3+in SrF2

rcvorted by Kristianpoller and Kirsh, ' that the association of interstitial
3+ 3+F ions with Ce is greater than with Gd ions. By a simple argument, we

find the fractional corcentration of F_ - compensated Gd 3+ a]a sites in the
3 +

prescence of the Ge car. be expressed by

P' =f [I +G (X)] -
g g g

where G is sone sin,-le -valued, monotoirncally increasing function of the

CGe fractional CO1n.eiitxaiuii X. We choce G (X) ;o b-

G (X) =0xa g
g 9

whore 6 and a are constants to be determined. Thus the cubic cnncentration

ipsgiven by

f =- f'c gg9

T'-ie rc',iilt of fitting this calculation to thz3 experimental site concaentrations

detcrrn-il-,d from the optical absorption spectra is shown in Figure 4. The

following pararmeters were obtained.

C 4V C

a ~1.5v3 1
E k -7. 7-2 -3. 45

wiwrc b fur X in perCentL.
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Heist and Fong have analyzed the distribution of Me -F pairs

in fluorite-type lattices. Using their equilibrium temrperature of 630 K,

- we obtain association energies of -0. 4Z and -0. 19 eV for the tetragonal

ard trigonal sites, respectively, which are t, ti cornpared to their values

of -0. 48 and -0. 30 eV, respectively. The close agreement of the tetragonal

values gives some support to the correctness of the analysis. The

discrepancy between the trigonal values is really not significant in view

of the uncertainties in the trigonal data. The F gettering parameter
3+

value of a = 1. 5 indicates that fur Cc concentrations above 2. 6 mole

percent, an increase in the Ce 3 + concentration by 113 will reduce the
. Cc3+

tetragonal concentration by about /Z. At a Cc concentrat.un of about

0. 1 mole %, an increase in the Ce 3 concentration by 1/3 will (12crease the

tetragonal concentration by about 1/20. Hence, the rate of loss of axial sites

with increAsing Ce 3 + conccntration is greater than the rate of loss of Gd 3 +

singles concentration in the 0. 1 to I mole / rar.ge resulting in thL appear-

ance and increasing concentration ct the cutc. sites.

1"5



SECTION 3

THEORETICAL AND COMPUTATIONAL STUDIES

There are three are- Q in which calculations have been carried out.
.3+

These are line strength calculations for Er in YAP 03 , free -ion and

crystal field calculations, and the calcu'"tion of the term shifts due to RE-
0ion-ligand overlap through the B 0 term and the electrostatically correlated

crstal field interaction.

3+.
3. 1 LINE STRENGTH OF Er in YA 0 3

Several tasks associated with the line strength calculations described

in Section 1 of this report have been completed. The normaLized tesseral

harmonics of seventh order in polar and cartesian form which did not exist

in the literature were worked out and these results have been published. (18)

The seven.. order tesseral harmonics enter into the line strength

calculations for RE spectra. in addition to developing the analytical form

ot these harmonics, a computer program was written to perform point-

charge model lattice s;ums for any ion site in any arbitrary crystal

structure. The present routine does not have provisions for the inclusion

of a charge compensating defect or impurity, nor for including the effects

of applied strain, and the local coordinate reference frame is fixed with

cespect to the crystallograpThic directions. Modifications to the program

to include these considerations are planned for implementation as the need

arises.

An example of the calculation for the Y-site in YA 03 is given in

Table III. 'rhis site possesses C symmetry with the mirror plane per-

pendicular to the crystallographic c-axis. The calculation is in sub-

stantial quantitative agreement with preliminary calculations of the spectra

16



TABLE III

LATTICE SUMS FOR ALLa TERMS IN THE CRYSTAL FIELD
EXPANSION FOR THE Y-SITE (C ) IN YALo3 b

B k Coefficient (cm-
Coefficient q

Real Imaginary

B1  -1110.1 -329.8

2 - 509.7 0
B0
B 4754. 1 -211. 02

3 193.3 46.1
1

B 3  323. 2 -738.8
3

B4 - 202.9 0B0
4

B4 - 144.9 - 45.0

B 4  - 96.0 57.6

4

5 38.2 - 28.5B1
5

B3  92.1 - 72.8

5 - 20.4 - 92.1
5

B6 - 10.1 0B0

B6 9.44 - 5.74
Z

6 - 35.6 13.0
B4

B6 9.64 - 4.56

.7 .52 - 0.31B1

B 7  1.79 - 0.423
* 7

B7 2.48 - 2.325

7 1. 77 1. 71B 7

a) All terms for which k + q is Odd are zero

b) These signs are appropriate for the site at the location (0. 018, -0. 06,
-0. 25)

17



based on fitting the observed energy levels. (See Paragraph 3.3 ). The

qualitative agreement with group theoretical expectations with respect

to the nonzero elements is, of course, exact. Although point-charge

model calculations leave much to be desired in predicting RE spectra,

this work is justified by the need to properly orient the quantum mechanical

basis vectors with respect to the crystallographic axes to insure the proper

interpretation of polarized absorption spectra. It is important that the site

coordinates agree with the coordinates implied by the angular momentum

projections (J z) whose linear combination defines a given crystal field

level and its orientation in space. The signs of the various lattice sums

determine these phase considerations and can be used to insure that the

basis states are aligned with the experimentally defined directions. This

program is still being developed and no listing is included in this report.

3.2 FREE ION ENERGY LEVEL CALCULATIONS

Calculations of the free ion spectra of rare earth ions have been

extended to include the effect of three body operators(19-1) The
fN

Hamiltonian for a free ion with an f configuration can be accurately

represented by effective operators which include Coulomb, spin-orbit,

configuration, spin-spin, and spin -other -orbit interactions. The

configuration interactions which account for Coulomb interaction between

fN and configurations which differ from fN by the excitation of two electrons

are included through second order perturbation theory via two body

operators. These two body operators introduce the adjustable parameters

0 R, and y into the effective Hamiltonian.

The perturbing effects of the Coulomb interaction between fN and

configurations which differ from fN by single particle excitations, i. e.
N-1 N +1 4Z' +1

(n )N(nl,') or (nL) In't) , can be included through second

order perturbation theory by the introduction of effective two body and

three body operators. The two body parts are absorbed by the parameters

of two body operators already present in the effective Hamiltonian.

18



Judd has shown that the effects of the three body operators can be
i

included by the addition of six terms, t.T (i = 2, 3, 4,6, 7, 8), to the

- effective Hamiltonian. The quantities t. are effective three body operators

and T i are adjuitable parameters.

VTe have determined the matrix elements of the three body operators

fur all of the configurations f 3 to f 1 1 . These matrix elements now exist

in z. form such that the Harmiltonian

1 +E 2  + + . + aL(L+l) + G(G + <3(R 7 )

0 2 4 11 (M Z M 4) 2, q6
+ (M, M, M ) I M 0 , M , M) + H i (P P pP) + P - ti TS5 SO0 ci =,i=Z, 8

ie 5

N
;a c readily diagonalized for any conliguration of f and the adjustable

1 Z 3 0 2 4 z 4 -6 2

~ - A 6 7

paamne,.er E 1
, E , E 3

, C, a, .q, V, M 0 , M , M 4 , p2 ,P4, F' T 2

T, 17 A , T . and T 8 fit to the experimental data by computer prograns.

' The terms H I H , and H . stand for srin-spin, spin-other-orbit, and
85 S00 (2 23)

electro6taticaily correlated spin orbit interactions, respectively,

With the inclusion of the three body operators we are thui, able to dettrmnine

the free inn energy levels and state vectors using all of the interactions

whi,:h are to date deemed significant.

AL present Av have carried out thebe calculations on two systems,
3+ 3+

YAi-G:Nd~ - and YA3 0:Lr When the three body -peraturb were

ineluded, the RMS error between experimental and calculated free ion

cuentcrs (if wrvl)t ,.;,m reduc,'' significantly. The state vecturs from these

free ion calculations are now being used in crystal field calculations which

will allow for th(: ideltification of nore experimental energy levels. The

iderntificatiu oof nure cxj erimente.1 levels in turn allows lo r jipr ve:Illt

iri t}" calcu'tium. Ihis proccss will continue until there is Inaxinuirn agrec-

rclnt between observed anl calculated energy levels.

I )
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3.3 CRYSTAL FIELD CALCULATIONS

Crystal field calculations have been completed for the C symmetry
sie f4_ 2 iertu (2 4 } These

site of SrF2:Gd and the results are published in the literature_

calculat*ons determined the crystal field coefficients, B (k),s, necessary
q

to obtain agreement between calculated and experimental energy levels.

In additionl the calculation illustrates the importance of including J-rnixing

in crystal field calculations.

Crystal field calculations have been initiat,-d and are continuing in3+

order to detervnine the energy levels of YAPO 3.F'r T. he symmetry site
3+3of the Er ion in YAP03 has the point group symmetry C.. Thus, the

perturbation term in the Hamiltonian due to the crystal field interactiun is,

S 2 (C 2 2+i B 2  2 4
HCF - 0 B0 i (C0 1 Zi , -i 0 0 i

44 4 4 A 4 4 4 44 4
, 13 (C C).+ iBY Z-C. )i- + C_4i+ iB' 4(C4 -C 4 )i

6 6 6 6 6 ,6 6 6 6 6 6
+ B (C) i B (C + C ) + iB C ) + B ( + C )

0 Oi 2 Z 2i z (C _ 4 4 4

46 6 6 6 u 6 6 6 6~ B 4 (C 4 C .4)j B((C 6 + C_6 )i + iB' 6(C 6 -C -6)i.

This shoVs that a complete specification of the crystal field of YA£03:Er 3 +

will require the rniniiniztiun of fifteen parameters which are real and

imaginary. We are currently modifying the computer prngrans which fit

the crystal pararnuters to the observed spectra so that the comnplex

coeffiicits can be inclucded in the diagont za*xtit, and fitting routines.

I1 the p.ast it has bu t-l thu practice to assun'e tlid tMI: complex coeffici--Lb

arc tsni1,il and thus drup thube ter.ns frorn thu ILInil'.,ni.An. Preliminary

C a] ~l tlul is , hi vc;L, iid ',( tlat th ilriagiial y tern - are nr.t in i" ni -

t I'alit and shuuld b includcd in the fit.

4rI



3. 4 CALCULATION OF TERM SHIFTS

A problem of long standing in crystal field calculations is the

problem of center-of-gravity shifts due to the host lattice. The

three fluorite hosts MeF 2 (Me = Ca, Sr, Ba) provide an ideal set of crystal

fields of identical symmetry but different strengths to observe these

shifts!2
8 )

A composite of the optical absorption spectra for the 6P 7/and
6 3+a

P 5/2 states of Gd in these hosts is given in Figure 5. Table IV

presents a summary of the position measurements on these spectra.

These data are averages taken over several independent high resolution

studies. It is interesting to note that we found(t8hat the BaF lines shifted

on the order of lcm in an anomalous manner with increasing Gd 3 +

concentration in the range shown in Figure 5. The other two hosts did

not present a similar behavior, the line positions being essentially

independent of Gd 3 + concentration as generally would be expected. The

analysis of the BaF 2 data is not complete, and therefore, will not be

discussed further. However, it is interesting to point out that the Gd + -

ligand overlap required to describe the term shifts could also be at

the root of the BaF z anomally.

The outstanding feature of the spectra in Figure 5 is that regardless

of the site, all the lines shift to high energies as the lattice becomes

larger (i. e. Ca to Ba). This effect is most evident in Table IV in the

Au entries. Clearly, there is little deviation in these values withc. g.

site symmetry or between the two states. A more dramatic presentation

of these data is given in the composite energy level diagram in Figure 6.

The plotting of the approximate "free-ion" positions of the states shows

another interesting fact, namely that the site spectra do not approach

these positions as the lattice enlarges, but rather they cross them. This

fact indicates that the term position determined from the approximate

"free-ion" calculation (ZZ 28) based on Gd 3+ in the LaCl 3 host ( 2) is also

21
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TABLE IV

VACUUM WAVENUMBER POSITIONS AND CRYSTAL FIELD SPLITTINGS OF
6 +~ME NTHE P 2 and °P5 STATES OF Gd IN THE DOL41NANT SITES OF Ca, Sr,

and'BaF71at 77 0 K. Lill values in cnm1 a - T. evalues are in substantial
agreement with those reported by IMakovsky uiw by Gilf-nov, et. a. , text
reference numbers 25 and 26, respectively. b- Site identifi,:ation per Makovsky
(ibid.) c - The C3,site in Cal, has been reported only by ?Iakovsky (ibid.

and only in fluorescence from the P 7 , state. j

a b
V (Sr) SITE (Sr) AZ/(fromV 6)1(overall)

voc e.j .g. C Q

Bo :Sy S,- rCo Ba I Ca Ea Sr Co
P7/2-

32,095.4 -16.4 - 18. -21.9

32,108.1 Oh 32,113.7 39.7 56.2 " 4.5- 5.6- 6.6 41.8 47.9 56.8

32,143.3 '25 4 429.6 +34.9

32,077.3 -20.t'-23.0-25.4

32,082.4 C 17.5 -17.9 -19.2

32,103.9 3V 32,100.3 42.0 57.8 53.5 60.467. 6

32,137.7 __ 32.8 +37+4 -42.2

32,115.8 -51.1 -79.'

32,164.8 CAV 32,166.9 - 53.9 _- 2.1- 40 - 79.3 127.432, 191.8 +24.9 35,8

32,195 1 28.2 ,478

32,112.4 -21.2

Co 32,126.1 32,133.6 " 7.5

32,138.9 (Ca) 5.3

32,157. 1- _23.5

[32,115.7 -17.7

32,123.4 32,133.4 -00Coj B - 1. 43.6
32,135.0 (CO) + 1.6
L 32,159.3 +25.9

32,696.3 " 55- 56-" 5.532,63 Oh 32,701.9 42.7 59.1 -l5.5 2 164 16.8 16.432,7135.1 +10.9+1 12 +109

32,67G.7 - 11.2 -1.4

32,683.6 C,, 32,688.1 44.5 - - 4.4- 4.5 - 26.7 27.4 -

32,704.1 +15.5 .1601

32,730.3 -28.1 403
32,767.5 C, 32,758.4 - 57.5 4 + 9. 86 - 47.2 72.1

32,777.5 +19.1 31.8

[32,699.8 -23.2
Co 32,724.9 0 32,723.0__) - + 1.9 44.5

32,744.3 __o)_ 21.3

[32,703.8 -19.6
Co 32,720.8 B 32,723.4 - 26 41.9

1 32,745.71 (CO) +22.3

Z3
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shifted from the true free-ion position, as would be expected. Furthermore,

the fact that the shift is essentially independent of the J value suggests

that the shift depends primarily on the SL character of the state.

In order to reveal the SL dependent part of the observed shifts it
to estimate the positions of the 6P state. By applying

was necessary to estmat th(ostos fte-4tte)ppyn

the Lande interval rule to the 6/, 5/2, 3/2 states observed in other hosts ( -4 )

(see Figure 1), we were able to estirrate the positions of the unobservable

6P3/Z state in the various sites of the three florit, hosts. This allowed
/I

the calculations of the positions of the -P term for the experimental case.

In order to emphasize the differenIces between the calculated shifts

and splittings and those observed, the approximate "Iree-ion" values were

subtracted frorn the data. The results of this data reduction are sumnmarized

in Figures 7 and 8. The forner sbows the deviation -f the calculated

6pin-orbit splitting from tbh observed values for the cubic site. The bP3 /2

experimental dclva A':e not shown because their deviations are on the same

order of magnitude a. the uncertainty intheir positions. We shall not

be concerned further at this writing with these data.

We are principally concerned with the data given in Figure 8. The

straight line fits to the points are giver, only to show the general trend of

the data. T'ie calculaied shifts are the tesult of J mixing. Thus, concentrating

now on the cubic data, we see that subtranting the calculated shifts from

the observed shifts provides the data t'j which we must fit our calculation.

Rajnak and Wybourne have described how term shifts can occur

cl1iferently ior diifereni SL states through configuration interaction in a

second order perturbation calculation in whi.ch the clectror-,lectron

clcctrostatic interaction couples to the crystal field interaction via the

1( term. Nowever, in order to ,obtain a noriz(ero value ( 3 0 ) the overlap

be tw.ecn the RE ion and the surrounding ligalija niust be estirnated. Only

th( Sf conifiguration it- involved and we find the following values fo,. the

4-
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<[4f] I [5f> integral where the brackets denote the expansion of the RE

wave functions tD include thc ligand wave functions. The Me +-F- distance

R+_ ased in these calculations are also given,

Host <14f] I [5f ] > R_(A)

CaF 2  -Z.73 x 10- 2. 365

SrF ..1. 97 2. 511

BaF -1. 3Z 2.68)

Using these uvcrlap inLegrals -'ith the calculation described by Rajnad.

and Wybourn. we arrive at the following theocretical term shifts.

Ca F SrF z  B; Fz

8 - (3 -ZZ. 6 -151. 5 -94. 'V cn

6 -ZZ1. 3 -150. 6 -94. 3

0D  -259.8 -1(. 8 -110. 7

It can oe hhown that the following uxprecsiun relates the vxperimental to

the calculamed centers -of-gr'avity.

A (e xp) A/ (calc) 4 v + A1 02
cg cg r 0

where 0 is the value given iri the a!(jve table and Vr is til r(Jerencec

eneirgy which lb appioximnately givv, by,

" 0

= -Al- 4"fr u-ifll" hust),r 0

and tLhu AzIA art the valuces measured rl'1ative to to . appruxiitate free-ion

va)l uv h. A )east squalreh analy'is of the A, (e;q) - At.' (CUIlC) ver us
6 , g eg

nAL fwcitioii for the - cil ury'y 1.epa ratim gives Ar- exCUll'mit fit

(28



-1
to a straight line with slope of 0. 49 ± 0. 0, and intercept of 118 ± 3 cm

The uncertainties are due to the deviations of the ordinate values from the
0 -1

fitted line. Thus, the LaC t "free-ion" host has a AF 0 - 118 cm

shift from the true "free-ion" position for the S - P energy separation.

That the slope is not unity as predicted is of little importance since there

were many factors used in this calculation which were, at best, approximate.

The quantity AE0 has a fairly well-defined tunctional dependence on the
A0

R+_ distance. This iii given by the following expression.

, __ A (B A C
o R

whuru A, Bl, and C all >0.

The paranett r A includes the Madelung constant at the cation site

.t Id depeinds on thec SI. cliar,tcter uf the twu states,. The parameters P)

and G arc deterinin-Ld by the details of the RE ligind overlap. Basically,

".he c- lculation descrbed here determinc, the ratiut of the values of A

that belong to different pairs of stutes and the ratio C/B. Specific values

f,,r the pro)duct AB nnd fcr the rAference energy L/ can then be determinedr

by fitting them to the experimental data. A paper describing the details

of tiis cilculatin iot in preparation.
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SECTION 4

EXPERIMENTAL LASER MATERIALS STUDIES

Considerable effort has been devoted to constructing an experimental

facility at the Air Force Materials Laboratory (AFML). for the evaluation of

laser materials. This work has progressed along the following logical outline.

Initial measurements and preliminary experiments, to be lescribed below, vvere

performed on a Nd:FAP Nd: Ca 5 (PO 4 )3 F and a Nd:YA10 3 laser rod. Following

these early tests a more elaborate experimental program was outlined arl the

equipment necessary for its implementation was either constructed in the

University of Dayton Research Institute (UDRI) shops or provided by AFML.

This experimental capability has a two-fold purpose: laser materials

testing and nonlinear optical materials evaluation (SHG). These two tasks are

related in that a high quality laser system is required for successful SHG

materials studies. However, he laser materials evaluation must be designed

to include such a wide variety of capabilities that several different facilities

are actually required. The progress towards the accomplishments of these

goals will be described in the following paragraphs: 1) Initial experiments

and results, and Z) materials evaluation experiments under construction.

It must be pointed out that no experimental capability of this type existed within

the laboratory at the start of this contract and only a limited capital budget

was available. Hence, this facility is still in its early stages of development.

The Nd:FAP laser rod initially presented for evaluation was 0. 390-

inch in diameter and 6-inches long. This was the largest rod to be studied

since in most cases the laser materials suppliers under contract to

AFMI. are to provide rods of 3 mm to 1/4-inch diameter and from 30 mm

to 3-inches long. This wide range of rod diameter provided a considerable

challenge in the design of a laser pump cavity or "laser head". The

proper design of a pump cavity requires that the designer start with a

30



laser rod, preferably with known pumping characteristics and efficiency.

With this information the designer selects an appropriate pump source

(in this case, a flashlamp since pulsed operation is desired) and cavity

configuration. Because of the large rod diameter and correspondingly

large flashlamp size the minimum size ellipse of optimum aspect ratio

for maximum pump efficiency was over six inches long with a minor axis

of 3-inches and a major axis 5-inches long. It was also desirable to

vary the relative positions of the flashtube and laser rod within the ellipse

in order to obtain engineering data for future designs. There was also a

requirement for the cooling of the laser rod including liquid N cooling

and the need for spectral filtering of the pump radiation to prevent

solarization by the ultraviolet emissi,:± from the lamps. Figures 9

through 11 are drawings of the apparatus constructed to achieve these

design goals. Suitable detectors !or monitoring the power output had to be

constructed. A cone calorimeter using a differential heating principle is

used to measure total power output. A typical output pulsL from the cone

calorimeter is shown in Figure 12. An RCA 922 vacuum photodiode detector

provided a fast responm e detector at 1. 06 Lm at a nominal cost.

The FAP rod was installed, in the pump cavity previously described,

with a resonant cavity consisting of a 99. 5% total reflector and only the

fresnel reflection from the front of the rod da the output coupler.

Alignment was accomplished initially with the aid of a HeNe laser

and finally optimized by alternately adjusting the mirrors and firing the

laser at a fi:.-,d pump energy until the maximum output energy was

indicated by means of an uncalibrated ballistic calorimeter.

With the laser rod at or near one focal point ol the ellipse the flashlamp was

moved along the major axis of the ellipse until a maximum output energy

was obtained with a fixed lamp input (see Figure 13).
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Fitr,. A Sample Trace of the Signal Obtained from the Cone

Calorimeter Fabricated by University of Dayton Research Institute

Personnel for Measuring Pulsed Laser Output Energy. [This Device

has About Twice the Sensitivity of a Similar Commercial Device. ]
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After optimizing the cavity, threshold was measured using a 922

RCA photodiode and an oscilloscopeto detect the laser output. Lasing

threshold occurred at a pump lamp input of 90 Joules.

With an input of 250 Joules to the pump lamp the bean- divergence

was excessive, perhaps as much as several hundred times diffraction

limit. This was due to the high degree of optical inhomogenity and generally

the poor quality of the rod material. In spite of these facts, the threshold

of the system was very low and proved the pump cavity to be an efficient

design.

A Nd:YAIO3 rod, 3 mm diameter by 30 mm long, was installed in

place of the FAP rod and an 855o output coupler added. Threshold for

this system, measured as before, was 12Z Joules input to the pump lamp.

In a pump cavity designed for this size rod a threshold of perhaps 10 Joules

would have been expected.

However, in this particular pump cavity the arc volume of the pump

lamp exceeded the active material volume by a factor of approximately

10 which indicates that this is also a reasonable threshold when all of

the factors influencing threshold are considered.

These experiments have shown that efficient pump cavities can be

constructed in house if required.

The following items of equipment and instruments have been assembled

within this contract period to facilitate the tasks of laser and SHG

materials evaluation.

Two laser heads: one water-cooled double ellipse capable of CW

operation with a variety of lamps and laser rod diameters and a second

air cooled ellipse described above for pulsed operation. An air cooled

ruby system complete with power supply is also available. An

extensive selection of pulsed and CW arc lamps filled with xenon and

krypton are also on hand. A pulsed power supply has been constructed
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entirely with resources available to this contract. The pulsed supply and

mechanical Q-switch are shown in Figure 14, connected in a typical

configur;.tion. The 0-switch is also of local design and construction.

Because this power supply contains several unique features, its operation

will be described in some detail in Appendix A. Installation of a closed

cycle cooler was undertaken during this contract period but has not been

completed. It was found necessary to install additional filters and flow

control apparatus to the commercially produced unit. Before the

cooling system failures occurred some preliminary data were taken.

These tests are described elsewhere in this report. A DC power supply

1or driving the CW arc lamps are also provided by AFML in conjunction

with the cooler and is currently being integrated into the test facility.

Several detectors have also been constructed and tested. The require-

ments for observing intense sources such as flashlamps and lasers in

the visible and near IR is met quite adequately by silicon pin devices

and by vacuum photodiodes with Sl and S3 spectral response photocathodes.

These detectors have a very fast time response (less than 1 nsec)

and are relatively inexpensive. The vacuum photodetectors are mounted

in an arrangement which allows the use of 1 -inch diameter filters and lenses

and has a variable iris diaphragm and shutter. The output can also be

electronically integrated with varous time constants. Load impedences

are also selectable from 50 V to 1 Mn. For work in the near IR (out to

3i) a dewar mounted CdS detector was constructed by UDRI personnel.

This detector has a very slow response time (greater than 300 1 sec)

and is not suited for the observation of fast pulses. For the measurement

of total energy emitted in pulsed observations a calibrated ballistic

thermopile was obtained from Hadron, Inc. This device will be useful

at pulse energies greater than those which can be measured with the

"homemade"l calorimeter.

Various adlustable laser mirror mounts have also been fabricated

and a versatile table topsystem of mounting blocks are available to set up
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the materials tests. These fixtures allow rigid mounting of all compone.-its

to an aluminum toped table made of "Unistrut. " The specially constructed

table is needed for the most efficient utilization of laboratory space for

the location of capacitor banks, pulse forming networks, cooling water

circulation eq iiprnent, and ther utilitie'-.

A temperature controlled oven for the nonlinear optical materials

evaluation was also set up and checked out. This item, supplied by AFML,

will be incorporated into the test facility as required. Figure 15 shows

a block diagram of this set up under development for evaluating nonlinear

materials.

4. 1 Otir Activities

As an amendment to this constract some CO laser work was performAd

in the spring of 1971 by R. D. Petty and ,J. A. Detrio. The design,

construction, and checkout of the laser and some preliminary studies

required di'ersion cf their cfforts from the bulk of the work dc~cril;cd

here. In addition to this special task both men also participated in another

rese rci, program over an additional period of approximately 6 months.

This necessary interruptin :.'as in part compensated for by Lhe release

of financial resources to purchase some much needed materials and

equipment for the materials evaluation facility.
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SECTION 5

RE-DOPED CdF 2

Cadmium fluoride CdF 2 , in its pure form, is an insulator with a

6cv band gap. When it is doped with certain trivalent ions and baked

in cadmium vapor at 500°C, donor-type impurity centers are formed

making the material a n-type ,emiconducto. Reports on electro-

k.nuncscence (EL) using this material have been sparse. Light-ernitting-
3+ 3+

diodes (LED's) made from this material doped with either Sm 3 , Eu

or TIm using electrolytic ( 3 Z and metallic blccking electrodes have

been described. The rather obvious opportunity to develop LED's which

emit the characteristic spectra oi the RE's is the primary basis for this

work with the final goal being to achieve bulk electroluniintescence (EL)

of such RE-doped samples suitable for use in a laser configuration.

The work accomplished during the contract period consists of

the build-up of facilities for sample conversion, surface preparation,

electrode application, and EL testing. A preliminary study ( 3 4 ) of the

electrical properties of the semiconducting (i. c. , converted) sampleE

was completed. The results of this study showed that a metal-insulator-

semiconductor (MIS) s.ructurc could easily L-e formed using the converted

CdF z samr .es. It also showed that the conductivity which waij introduced

via a Gd 3 impurity, could be rduced by the coaddition of a Cc 31

3+
inpurity. Effectively, the Cc provide a deep trap and thus behaves

esiicitially luL a cul]penbaitur impurity. The studies performed on LED's
3+

ubing samples singly doped with Gd uhow that the EL contains the3+ 0

characteriLtic spectra of Gd at about Z780 and 31Z0 A plue a weak,
0

1) r)Zi(j -band cnn isio extending from 3000 to 6000 A. Ak prepriat of a

ih,'t Vipcr debcribirig these rcsult ib given i, Appendix n. This paper

alio provideu brief descriptionti of the fabrication technique and the

intnrvprettion of the observatixnt.
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Samples containing both Gd 3and. Ce 3+have also been fabricated
(35)

into the LED configuration. The electrical behavior of these

LED's are similar to that of the single doped devices wiLh the following

exception. Because of the lower conductivity caused by the Ce 3+ iprt

or, perhaps, due to somec additional contribution from this impurity , the

double doped samples usually gave higher retsistances both in the f~orward

and reverse biased directions but with Oie reve rse -to -forward resistance

ratio also higher.

The photoexcited spetLr;A of the double -- dojped simples shown in

Figure 16 are quite different from thle Od 31doped :sarples. Becsideii

the Ce 3+CIfibsii ban1 d at a r(u d : 9(JO A, there'( A re iimy diffe r#nccV,, ill

thLf visible- spectrat of both the uncoiavcrtcd and converted fsamples, curves

Al1, AZ, B 1, BDZ, and i B 3 i r Fig urec 16. It is apparent that the Cce3 greatly

alter b the- imrpur ity level-s ill the unergy garp- Finally, the FI s ~pec trumn

honin Figure 16, curvus C and C', illustritc the niost bigliificadnt

diffcrcn-cc na._--,Iy tli,a" vf III.Lbt , lue -whIlte, broad-hand
34

output comipared to the characteristic enii'sbion of Gd . The efficiency

of this blue-whitue cmission from the doublc-doped LED's was increased

by at least a factor of 100 over the Gd 34duped deiices, such that the

devices could be operated at 10 to 15 volts dt; and be observed in a dimly

lighted roomn. The Gd 3 1 doped samp~les had to be pulfied to achieve

visually obficr vaitlc light. The quantumn efficiency of thc rloubbl Joped

LE:D's cori'tructcd thus far are estimated to be on tile order k0 f 0, 001 to

U. 0

T1he muchanisi for the hr oar *ba~id El, appearsi, t the pre b ent

tine, to lie due to both imipact iuis.zatiozl L~d rconzibinatiun pro-cs rjeg

hat occur when the inubile duc trci ns (contributed by tile Gd 31 ;npurity)

ilot r-Aet wvith thtc Val iou S centersj c rc~t teU by the piresen1ce of tilt ili po il icL F4

Our s tudis on Sri' duul dopt'd withi GdI 3i u( Cc. re -cported in Sction 4

oft tis report, strongly tiuggus t that the dou~ble club ters of Gd 31and Ce 3

co(ul d be the c errte r. re'spurr bibi r for thle ohS r v d up c t ra. f his, is sulpported
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somewhat by the fact that the Gd 3 + absorption spectra of the unconverted

double-doped samples shows a complete redistribution of site concentrations

with the appearance of a new site spectrum not observed in the single doped

samples whose splitting pattern is very similar to the nearest.-neighbor

doubles spectrum identified in the double doped SrF 2 spectra. Additional

indirect evidence for clustering of Ce 3 + ions with each other and with Gd 3 +
0

comes from the appearance of a 2900 A fluorescence emission. Because

of the very nearly equal lattice sizes of CdF and CaF, we would expect
3+ 2

to see two Ce fluorescence bands at wavelengths close to the 3250
0 0

and 3450 A bands of CaF 2 instead of one band at 2900 A. Also, according

to Loh 3 6 ) Ce 3+in tetragonal (C 4 ) sites of CaF has absorption bandsj 4v 20 0 0
above 2000 A at 2050 and 3100 A. He identifies a cluster band at 2450 A
which from our studies of double doped SrF has been tentatively assigned

2
to the nearest-neighbor-doubles cluster. In the absorption spectra of

3+ 0
Ce in CdF we find a strong band at 2480 Awith two relatively weak

2o
bands at 3070 and 2170 A. Thus, the fluorescence and absorption spectra

3+ 3+
due to Ce strongly suggest that the Ce ions, at least, and probably

3+
the Gd ions are clustering at relatively low concentrations (viz, less

than 0. 2 mole percent). The blue-white EL, then, would be intimately

tied to the energy level scheme of these clusters and to the impurity

band structure which would occur at high impurity concentrations.

An invention disclosure describing the applications of this material has

been submitted to the sponsor.
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SECTION 6

EPR STUDIES

The EE'R studies conducted during this work period were concentrated
3+ 3+

on the SrF, and CdF hosts containing Gd and Cc , both singly doped--
2

and together as codopants. The vork on the SrF2 systerns was initially

motivated by previous optical studies, The goal was to

obtain thc Cc 3+site symmetries in the doublc dopcd samples. However, the

experiments were inconclusive showing only the expected Ce 3 tetragonal

spectra and~ the cubic (0 11), tetragonal (C 4v and trigonail (C 3 ',) spectra

3+ (37)
of Gir . Nevertheless, a detailed analysis of the relative intensities

of the Gd 3+site spectra showed an anomolouis increase o, the cubic

site concentra~tion. As it turned out, thc increase had also been observed

in the opticail absorption spectra (seeC Section 2 of this ruport). A

paper ()was published in which this behavior uf the cubic site concentration

was tentatively tied to the postulated existunce of a local cubic phase.

The thi-oretical basis for such a model of thc cubic- site is sunmmarized in

Section 2. of this report.

The 1: PR studies oif the CdF (Cd 3+, cc syfntemn 3 8) is best

surniarized by the abstract of the thesis written fruni these Fitudies. (39)

"The effects of Cc~ doping on thor rouunt Lenipcrature Gd' EP-R

sipectra ini insujkl.ting aiid sexziicoziducting double doped CdF) :0. 02 /a
34 3+

Gd 1 0. x /0 Cc are investigated (0. 006'/o -- x -0. 5'1/1). In tht: inwulating

ci ystals, fur 0. 006% Cce3 cuicetration thre specumn it- deucrilied by a

cubic spinr Ilamiltvnian. Fur the crystal with U. 02% Ce 3 conrc en ra tion, 4

the spcctrurn is vJt.c to Gd 3+in a trigwially distorted envi rorujient. Thle

cubjit lit ml ltoniati, with the addition of a very sm all1 b) te rin describes

tlie 6peCtrA. Thu 1. tur1n is about 1 /70 of that which isi fuurd for Gd
Z 3+

ini t riguial 1 itets ini other fluorite crystals. Yo r 0. 'J 0;, C e conicentrcttioni

Ili(. spectrum in aiues fromzi both cubic and weakly trigoially difstorted
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sites. For the 0. 5% Ce 3 + crystal the spectrum is cubic. Cubic spin

Hamiltonian parameters were found for all insulating crystals and in all

cases the parameters were within g = 1. 991 + 0. 003; b0 = (47. 0 + 0.6) x
-4 -1 0 -4 -1

10 cm and b 6 = (0. +0.)x cm . An ad-hoc model is

presented to account for these observations.

The spectrum of the semiconducting 0. 006% Ce 3 + crystal consists

of seven cubic Gd 3 + lines and an eighth resonance line that c,:-urs

around 320 away from[ 0011 . This is presumably due to exchange interaction

between Gd 3 + ions and trapped electrons that are present as a result of

the insulator to semiconductor conversion process. The intensity of the

cubic spectrum is about % of the intensity of the eighth resonance. The
3+

results for the semiconducting 0. 021o Ce crystal are similar. For the

semiconducting 0. 06% Ce 3 + crystal the intensity of UL.e cubic Gd 3 + spectrum

is increased and the intensity of the eighth resonance is decreased indicating

a decrease in the number of trapped electrons. This is consistent with the

increase of resistivity. The 0. 5% Ce 3 + crystal did not convert to a semi-

conductor although a number of attempts were made to convert it. The

noncubic spectra found in the insulating crystals is not detected in the

semiconducting samples.
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SECTION 7

PULSED RAMAN TECHNIQUE

Raman spectroscopy provides informatin regarding certain vibrations

of molecules, solid lattices, and of mole,'ular coniplexes within solid

lattices. In the simplest terms, the vibrating system causes the polarization

of the medium to oscillate with very small amplitudes at frequencies that

are characteristic of the vibration. Thus, when an electromagnetic wave

in the visible range is incident on the medium, it has in the scattered light

frequencies which are shifted above arid below the incident frequen, y in

addition to the usual unshifted Rayleigh light. These shifted frequenc'ies

rrake up the Ranan spectrum.

One of the uses of Ranan spectroscopy is the study of the vibrations,

usually referred to as local niodes, associated with an impurity ion or

complex in a crystal. As discussed in Sections 2 and 5 of this report,

there is considerable evidence for the claim that clusters of impurity

ions in crystals can provide unique and valuable optical and electrooptical

properties. Raman spectroscopy couplud ,.ith the usual absorption and

fluorescence spectroscopy studies can provide a fairly complete picture

of the ion pl-.cerncnt in the coinplex. Unfortunately, doped cryst.ls of the

type of interest here will p-oduce strong fluorescence emissions when the

sample is irradiated with an intense laser bean in a Raman setup. Thus,

the observed spectra will usually consist of a rather complicated mixture

of Ralnan and fluorescence spectra.

Wheu it was decided to buildup a Ranian facility, it was apparent that

a rieans of discriminating against the fluorescence was required.

A re view :,f currenlt Raian techuiqueu ( 4 0 ) ii,icated that the ziethod of

tittle '4i 9CIirniatiotI against fluorebcence wa clearly possible but had

n1t been done. This mcthod uses a pulsed lase.r wheririu the duration of

48



Pulse is mjiuiL enoug Lo p'event buildup of the fluorescence emission. Since

the response time of a fluorescence emission process is much slower than

that of the Raman process, if the photodetector is gated on only during the

* laser pulse, then the Raman signal will be fully detected while the fluorescence

sigLnal will be reduced according to the extent that its response time is greater than the

laser pulse length. A paper (41) describing this technique as applied to one

particular regime of fluorescence processes has been published. Further

details on the technique can be obtained from this paper. Ar invention

disclosure on this technique has been submitted to thC sponjsor.

j
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APPENDICESi FOR PA'RT I

APPE'NDIX A

POWLR SUPPLY OPERATION'1

*The power supply, built for repetitiv-z pulsed operation is capable of deliv-

cring a constant current ofl 150 mnA at up to 5 KV. The charging control (voltage

setting) and constant currcnt feature are made possible by the use. of an AC

c')nstant c-urrent Ynetwork on the n' ,.n i'.-'ut to the supply. This-resonaift cir-

c-uit is tuned so that when the conk -o] tr-' .c is fired the series resonance pro-

dluccs a very high impedance to the input and no current flows in the pri mary of

the- high voltage transformer. This arrangement works well because a solid

staitL device such as the triac can be switched to a conducting state readily, where-as

interrupting the flow of current with such a device in series with the line c ' ) be

luess reliable and usually requires more !'drive.'' The output of the high N.It, ge

transformer is full-wave recLtified and is used to fued the capacitive storage

bank. The outpult of the hridpo is also shunted by a high resistance voltagte

* divider to allow the voltage level to be sensed by OP-3ir circuits which control

the firing of the triac. A niumber of safety interlock,, also control the firing ot

the triac and an additioral relay controlled storage bank dlump.

The firing of the lamp is : ontrolled in several modes: 1) free- running

pulse2d operation controllcd by a vrariable frequency pulse, generator, Z) single

s'--- Q switched and long mode operation, andJ 3) rcepetitively operated

Q- switched operation. The flashlamp pulses are synchronized with the location

of the mechanical 0-switch by means of a sync-hronous pulsc generated at the

rotating mirror by a magnetic rilckup. Thiese pulses are fed into a digital

logic- circuit which allows them tt, be counted downi from 1LOOO ppzm to a repe-

tition rate within the capability of the flashlamp and powe r sui ply. The- timing

pul scs~ are amplifiued and used to drive thv series i~ijuc tion trigger circuit

A similar se~qucflCc- is followed in the single-shot case- but only one puls.:

;6 generated. III the 'long m1ode' opecration thu Q- switch is not used . Thui corn -

pice dce ign .nairsadditional fc ntux es whi h atic- required fo r Ope ration but

\iihare not cs cntiail for uxplaining thu principles of ope ration.



APPENDIX B

ELECTROLUMINESCENCE OF Gd +-DOPED CdF 2
IN A LIGHT-EMITTING DIODEY:2

Perry Pappas Yaney and Michael A. Bafico
Department of Physics, University of Dayton

ABSTRACT

Light-emitting diodes were fabricated using CdF 2 (0.0ZU 2 d ) which had

been converted to the n-type semiconducting state by heating in cadmium vapor.

The electiolurninescence was observed at the negatively-biased blocking elec-

trode with 5 to 15 volts applied. Thu emitted light consisted of the expected
3+ 0

characteristic near-uv spectra of Gdc (Z780 and 3120 A) and a previously unre-
o 0

ported 3000 A vid2 band centered at about 4500 A. The nearly-white emission

-,as sufficient to be seen, in a dimly lighted room and the radiant power output

had an approximate cubic dipnden.e on the dide current. The observations

were made at room teryiperature.

T P:XT

In 1962 Kingsley and Prone reported that normally insulating CdF.,

which was doped with certain triva, it ions, could be converted to a i-type

serniconducting state by heating in cadmiun vapor at about 500 0 C. Since that
(2)

time, numerous pza.pers have appeared directed primarily at the electrical

and optical properties of this interesting material. The trivalent ions most
(3)

often u-jed to effect conversion are certain mernbers of the rare earth 3erics.

The attractive posibility of electrical excitation of the characteristic fluer-
rpre(4,5) fo ~ 3 . Ig 3 4

esc.-nce spectra of thebe ion. in a solid was rported for Sm , , and

Tb from the negatively-biased blocking electrode of a two-terminal device

using semieonducting CdF z as thL intervening mediun. The purpo~e of thim

letter is to report additional observations on CdF light-emitting diodctj (LD'n)

using Gd as the dopant.

Ga dli. iu11 's unliqte am ong the rare earth series in that its unly fluor-

V:;Cm v i vriFii.sion i in thQ nuar-uv and (riginates 'ron -he I11 1)atifold of cL'ys-
-1 61

tal field lcw lu around 36,(000 cn) (2780 A) and the P manifold around

3_,000 cji (3120 A). Th,"- terminal levciFi for flhc.- tranitivnri and thfe

onily lwI Ves blOV. the 1 group are those of the S pround s taic Cony e rtl



sainphes of Gd 3 doped CdF 2 have a blue color whereas the unconverted sample

iS ,olorless. The color is due to a strong infrared absorption band, the short

\vaZVlogth wing of which produces absorption in the red portion of the visible

region. This band has been identified as being due to the ionization of electron

tr s.(3,7)

The LED's reported on herein have one ohmic electrode using ultrason-

ically soldered indium and the remaining electrode of the blocking type using

usually either vacuum evaporated indium or silver. The reverse-to-forward

resistance ratios are on the order of 100. The electroluminescence (EL) is

observed at the blocking electrode when it is negative. Typically, converted

samples containing a nominal Gd 3 + concentration of 0.02 mole percent have

resistivities between 0.1 and 1 ohm-cm at room temperature. Figure B. 1 shows

the various observed spectra. Curve A is the weak photo-excited fluorescence

spectran of the pure CdF single crystal obtained from Optovac. (8) All sam-

pies were gro,.n using 99.999 percent pure CdF 2 from General Electric
(9)

Chemical Products Plant. Cu.-ve B is the strong photo-excited spectrum of

the unconverted Gd doped CdF Z crystal. The sharp line is from the 61: 7/2
3+ 20

-tate of Gd . The broad fluorescence band centered at 5250 A is not unique

to gadolinium doped samples in that this band is either weakly present in the

spectra of our other rare-earth dcped CdF 2 samples or it is a dominate fea-

ture (e.g., Nd 3+). Only the lines characteristic of Gd 3 + appear in the absorp-

tion spectrum. Curve C shows the drastic effect the conversion process has
0

on the 5250 A band and the gadolinium emission. Curve D is the spectrum of

the EL. The four curves are uncorrected for photomultiplier response (lP28)

and spectrometer efficiency. The threc photoexcited curves were obtained
0 0

using a source about 150 A wide centered on 2750 A. The EL spectrum shows

the expected characteristic uv-line spectra of Gd 3 + and, in addition, a nearly

white-light emission. The brightness of the white EL from these devices was

sufficient to be seen in a dimly lighted room. The source of such a broad band

ot ,mission can be attributed to a distribution of traps in the 6 eV band gap,

produced by Gd and/or some trace impurity, to lattice defects, or to a com-

bination of these.
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The broad near-gaussian-shaped fluorescence band shown in Curve B has
0

its excitation band centered at 2900 A and with about half the width of the fluor-

escence band. These features ( 10 ) suggest that this band comes from a lattice

defect (i.e., a color center) concentration which was increased by the addition

of the trivalent impurity to the divalent host. In Curve C, we see that both this

band and the Gd3 + emission are missing. Since the end result of the conversion

process is the replacement of the interstitial F ions (which compensated the

additional charge on the rare-earth impurity ion) by lattice electrons, one

explanation is that this broad band is an excitation of the interstitial F" ion. (3)

A reduction of the characteristic emission of Gd 3 + would be expected due to

greatly increased coupling to the lattice due to the lattice electrons (i.e. , pola-

rons) thereby lowering the quantum yield of the fluorescence.

Both pulsed (usually 1 ms at 1 to 20 Hz) and dc measurements were made

on these LED's. Electroluminescence was observed to occur at the same rela-

tively well-defined voltage for a given device regardless of whether pulse or

dc excitation was used. This voltage ranged from 5 to 15 volts depending on the

surface preparation and details of the fabrication. The dc current-voltage (I-V)

curves show ohmic behavior at low currents followed by an approximate V2

dependence suggesting a space-charge-limited current regime. The end of this

regime occurs with the onset of the light emission. The diode is at its break-

down voltage at this point and the radiant power output P increases with current

I according to P In where n IV 2.5 to 3. An exp (a/I1/ ) dependence can be

fitted to the P-V data which is consistent with the impact ionization process in
(11) T

a Schottky-type barrier. This process is usually suggested with n-type

material when the EL is observed at the negatively-biased blocking electrode. (12)

However, the dynamic range over which the radiant power was measured was

insufficient to make this fit unique. The range was limited due to device heat-

ing to about a dacade in the pulsed measurements and to about one half decade

in the dc measurements.

In summary, we have observed the predictable uv-line emission plus an

unexpected nearly-white light emission from Gd 3+doped-CdF LED's at room
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temperature with the radiant power having an approximate cubic dependence

on current. The EL rnechanis.!n for these devices appears to be that (A imrpact

ionizatiuii occurring in the reverse-bias breakdown regime of the diode.
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PART II

ELECTRICAL AND OPTICAL PROPERTIES OF
SEMICONDUCTING MATERIALS

Dr. Rex L. Jones

INTRODUCTION

This work was concerned with research and development on the electrical

and optical properties of semiconducting materials. The effort encompassed

material preparation, determination of electrical and optical properties, design

and construction modification of specialized equipment required for these

investigations, and the compilation of papers available in the open literature.

SECTION 9

ELECTRICAL AND OPTICAL PROPERTIES OF
SEMICONDUCTING MATERIALS

9. 1 ELECTRICAL PROPERTIES OF DEFECT CENTERS IN SEMICONDUCTORS

Transport and electrical properties were measured on II-VI compounds

with a variety of dopants and after a variety of heat treatments in order to

determine those procedures with the best potential for application in obtaining

optoclectronic devices. Research vwas also conducted to obtain reliable ohmic

contacts to these crystals.

The electrical measurements were comprised mainly of guarded Hall and

guarded Van der Pauw measurements versus temperature, T, and resistivity

or conductivity versus temperature, both over the same temperature range.

The raw data from these measurements was feed into the computer at Wright-

Patterson Air Force Base using programs developed by Air Force Materials

Laboratory (AFML) personnel to obtain compilation and plots of charge carriers

per cubic centimeter, conductivity and mobility versus l/T. The temperature

range covered by some of these measurements were from liquid helium to 520C.

Some photo-Hall measurements on these II-VI compounds were also performed.

Materials studied during the contractual period were ZnSe, 0. 01% Li;

ZArSe, 0. 1% Li: ZnSe, 0. 001% Cu; ZnSe (Na); ZnSe, implanted with Zn; ZnO,

hydrothermally grown wit,, Li; CdS; and ZnS.
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A typical heat treatment consisted of sealing the sample or samples

along with the doping element or substance surrounding vapor upon heat which

forms filling with helium gas after evacuation and purging with nitroge.i gas. The

capsule was then placed in a furnace with a long flat heat zone at nominally

1000°C for a time varying from hours to 10 days. Tl.', sample was then

removed and its transport and/or electrical properties were measured over

a temperature range or at several discrete tcmperatures. Analysis ot the

computer output was then done to deterin,ne the course of the (ontinuing

experimentation.

Ohmic contact studies to these I1 - VI cnp,,unds wk r, conc1tIcted

using soldering and sputtering techniques. Soldering technicIL':s were not

attempted to p-type material, except in an attenipt .) prducc a p-n Junction.

Prior to forrring the contact, the saniple was e-t,_hed or c1 lanied C si ing acetoric,

deionized water and alcohol. Sputtering o0 Cu, 1t., an d Au to Z.,,Se, ZnO,

CdSa and CdS was attempted at one point ,r other with the sputtcI ed Au

seen-ing to forrm the preferred contact. Acceptabl- oimic contact were

made to ZnO using indium solde," followed by a heat treatment. 'The accept-

ability of the contacts were checked using 1/V or C/V measuring equipment.

During the contractual period, aijiong the itcns fabricat,-d were: stand

for new Veeco ion vacuum p OMp, front surface mirror for rounting right angle

source, circuit box to facilitate I/V characterization of sam ple e , snuttcring

systern for contacting the semiconducting material, and a itfw ban lpie holding

system containing four phosphorus bronze spring fingers to hold theV Van der Pauw

.4arnpl, ,ITinsl tbh bcryl;irn n xirle s btrat,. Arr,,n the it-w,! rn-,dified -ere:

the heater in the hcliurn dewar systei:i and tht! rewiring of the Hall measuring

dewar to ijc rea: e the facilitie.; to include Va (ler Pauw nicasurcnentS.

Ar.ong the cqipiiient assembled, installcd, and checkcd out t,) inl;Lufactl're

ipc(i f11 ations wer : dianriond wire saw, tranbist.nr curve tra er, isolation

ira:isf,,)roner in IHall mea.suring equipment, furnace to obtain flat heat zone, aria
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. OPTICAL PROPERTIES OF DEFECT CENTERS IN SEMICONDUCTORS

The main thrust of the optical studies has been directed at annealing studies

between 300°C and 600'C of radiation-induced photoluminescence bands in

rtm -nium, absorption measurements of radiation damaged silicon at liquid

nitrogen and liquid helium temperature, and comparsiorn studies between photo-

luininescence experiments and absorption experiments on electron radiation

damiaged silicon. Photoluminescence measurements of germanium samples

were made using first a conventional infrared source and after acquisition by

AFML, a NdYAG laser in both continuous and pulsed mode as the exciting source

of radiation. Time constant measurement were also made on these photo-

luminescence peaks using the NdYAG laser. It was not possible to make photo-

luminescence measurements of silicon samples using the NdYAG laser as the

source of exciting radiation, since the transitional energy involved in the lasering

transition is less then the band gap of silicon at liquid helium temperature. Thus,

the absorption of the lasing radiation from the NdYAG laser for silicon is small.

Experiments were conducted to determine the laser power output versus

laser lamp power for various pulsed modes of operation, to determine the type

of chopper and chopper blade to use in making time constant measurements

while using a continuous source as the exciting source of radiation, and to

determine the time constant of the newly acquired InSb and InAs detectors

while at their operating temperature of 77°K.

T:iree new gratings; 295 grooves/mm blazed at 2. 6 [1; 1,90 g/mm, 1. 3 [1;

590 ,,/mm, 2. l±; were calibrated versus wavelength and had response

corrections factors determined for them. The 590 groove/mm grating blazed at

2. It' was found to be incorrectly blazed and was returned. The response correction

factor is used to normalized the photoluminescence intensity versus wave-

length to that of a blackbody at a given temperature. It is obtained by replacing

the photoluminescence sample by a blackbody source and measuring its spectral

response. The photoluminescence data can then be converted to photon flux

v(.rsits wavelength.
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The photoluminescence and optical absorption data were first recorded

on strip chart recorder charts. The response at a giien wavelength and the

wavelength were read from these charts and punched on computer cards to

provide a data deck. This data deck and the particular program were then

entered into the computer for computation and compilation. After computation

and compilation, the results are plotted using a Cal-Comp plotter.

These programs have been modified to run on either a Corn-Share terminal,

the IBM-7094, or the present CDC 6600. The Cal-Comp plotter is not connected

to the Coin-Share terminal, thus Cal-Comp results are not obtainable directly

from it. The program allows parameters to be varied such that plots suitable

for journal reports are obtainable.

Besides these programs, programs have been written that will calculate

the photon flux at a given wavelength from a blackbody at a giver. temperature

and will determine the slope of a computer determined least square fit to a set

of data points. Other programs were written and assistance was given to other

personnel in writing and modifying their computer programs.

During the contractual period, among the items fabricated were: infrasil

and suprasil windows for the liquid helium dewar using the diamond wire saw;

optical filters from single crystal silicon by cutting on a diamond circular saw,

polishing with diamond paste to Ili finish, and final shaping using a diamond

wire saw; a diamond crystal model to represent either silicon or germanium

with placing other atoms and bonds in it to show the vacancies, substitutions

and interstitials that occurs in these crystalline semiconductors: brass clamps

to hold the liquid helium dewar to its mounting plate allowing the dewar to be

placed upside down to facilitate the draining of water that condenses during an

experiment, pumping station, and the samples used in the photoluminescence

and absorption studies from boules of silicon and germanium. Among the items

assembled and intalled were: a blackbody source to check the rise in

temperature versus time to ascertain that the specifications were met; a

Nd YAG, 10 watt laser from Quantronix; a optical bench received from
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surplus; the electronics, power supply, temperature :ontroller, strip chart

recorder and shelf, to measure and contrrol the sample temperature in a cry-

ogenic dewar; and a thermocouple on or near the sample for temperature

measurements. This thermocouple attachment proved inadequate and a

cryogenic diode was purchased which required modification of electronic

connections on the research helium dewar. The helium research dewar was

also modified so the sample holder would vertically align better with the optical

holder.

Early in the contractual period plans for incorporation of a data acquisition

system on the Czerny-Turner spectrometer used in photoluminescence were

discussed. The mechanical and electronic components necessary to digitize the

spectrometer were ordered, assembled and installed. The data acquisition

system itself is mounted on a movable rack such that it is usvable by other

experimenters and consists of a. digital voltmeter with PGD output, a ltP Z570A

coupler/controller and a high speed paper-tape punch.

All during the crntractuat period a literature search for pertinent journal

and periodical articles, followed by xeroxing and author iridexing on 3 x 5

cards was conducted.
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PART III

INTRIN51C COERCIVE FORCE IN "AULTIDOTMAIN

SINGLE: CRYSTAL (RARE EARTH) Co 5 ALLOYS-

Dr. Clark W. SearleA

INTRODUCTION

This part dcalt with an intrinsic coercive force in the rnagnec

charac teris tics of several RCo 5 (R is a rare earth elenier Q) alloys pre -

pare d ac- single crystals by the Battelle ColuniicsL~ Laboratories. The

experimental data if- shown to lead to a rn- which consists of a periodic

pinning structure with a period about an order of magnitude larger than

that of tht; crystal lattice.

SECTION 10

INTRINSIC COERCIVE FORCE IN MULTIDOMAIN
SINGLE CRYSTAL (RARE EARTH) Co 5 ALLOYS

10. 1iiUr)

Most prcv ,us invtsuLigations of the coercive force, H c, associated

with R(c 5 alloys. bave-- analyz, d small pdrticle hysteresis loop(1) where

domain wall nucleation is o'Lcn dorninaced by surface conditions. It has

rec~n'tly been s~uggested that large donaii wall energies may be related

to the high H c for SrnCo .* Other studies have shown that high energy

narrow clornain walls can lead to an H, related to the periodicity of the lattice.

Thv purprie of this work was to study H.i by applying the external field, 11,

in thiQ eas~y rliretiori of relatively large multidornain single crystal spheres,

& vhe rc bulk p -op-r ties doniinate. The expccted effeck isj shownr in Figure 17b.

On leave fru-n the Univ,!rvity uf Manitoba, Winnipeg, Manitoba, Caniada.
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This effect would be related to the period.z flucuALions in doniain wall

energy shown in Figure 17a, and has apparently been Dbs- r-ed in an

aligned powder.(5) All the data was obtained using a vazi-ble temperatur-:

Princeton Applied Research VSM. H was swept linearly and the hcsereis

loops were recorded cn an x-y rzorder.

10. 2 EXPERIIE:'TAL RESULTS

Typical roorn temperature results are shown in Figure 18. H was

varied at a rate of 100 oe/nun. Room temperature -i.ues for -1 are

1t6 ()e(Sir~o.) and I uJe(Yio 5 ). PldGo 5 and Ni we;c also mneasured under

iduntical conditiunS with 1i 1- 0 Thie&.e curves have been ouii'.:d for clarity.
1

The temperature dependence of H . is indicated in 1. igure 19. 1-H. is
1 1

linecarly dependent on fT, with a negative slope, over r.os t of the temperature ,

range.
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There is a relaxatiori associated with this effect which is strongly

denendent on the internal field, H. i H- 4/3) iTM where M is the bulkmnt

magnetizltion. I/ T ( T is the relaxation time) was measured as a function

o. Hit and ;- c-v'n in Figure 20. The dashed line between the two points

at H in t =- 12. 50 e is an upper bound on 1/ 7. In this region 7" became

very long and difficult to nicasur-.
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The dependence of II. on x at room temperature for the mixed alloy
1

Nd(l-x)SmxCo5 is siovn in Figure 21. The behavior in the region from

N 0 to x - , 75 is expected since a nonzero H. is associated with a rMaterial
1

,t high anisotropy and 11. should be proportional to the Sm concentration.
1

An unexpected result appears as a sharp drop from the linear relation x = 1.

The bars on the data represent che extreme range of values measured on

several spheres with the same x, while the experimental points are the

average of all the measurements. There is a strong indication that the

magnitude of the fluctuations in H. is also related to x.1

The shari- departure of H. from a linear relation was checked with
1

other macroscopic properties such as the saturation magnitization, M s

and the anisotropy .onstant, K1, but no correlation could be found since

both M and K were strictly linearl" dependent on x.
1

10. 3 MODEL

The model shown in Figure 22 can correlate the experimental data.

We will consider a portion of the domr.in wall. with sides of length Za,

as a., individual unit interacting with one pinning site. The magnetic

energy per uit, treating it as if it were uncoupled from the rest of the

(ioni-lin wall is,

E = -2M H x(a) = -8M a-1. a x (1)

'i hc st tistical probability of a jump to the right, across a barrier of

height FA. per second is,

CXLk (2)
Ae"p E .A* 8MsHinta 1

A7k
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We suggest that E A is large enough so that 1/ T 0, on the time scale

of our experiment, for small values of 11in• Then M will not change until
3 i

8M H. ina approaches the value E A' This would make lIT strongly dependent

on Hin t in qualitative agreement with the experimental results. In fact

the hysteresis loop should turn the corner, at a constant sweep rate, when

the exponent in Equation (2) is equal to a c.nnstant which we will some-

what arbitrarily, take to be -1, or,

8M a 31./k = E A/k - T =T - T (3)

This equation predicts the observed linear relation between H-1. and T. This

also suggests that the initial T , measured when 11, 1.!., should be
int 1 ,shudb

independent of T. This effect was also verificd vithin cxperimental error.

The second equation in this section predict -.n exponential dependence

of 1/ " on I t , whereas Figure 20 shows it m, ch sharper break than

exponential. One might cxpect this discrep;,ncy to be removed if the coupling

of the individual unit to the rest of the dormain wall is considered. T can
C
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b' estimiated from E,3quatin (3) by setting T 0 and substituting the

extrapolated T - 0 values of i -- 67 Oe, M = 968 emu/cc, and setting an
1 8

equal to half a lattice spacing which yields T = 0. 06 0 K. Thus, one would
c

cxpcct the effect to thermally wash out. On the other hand if we use the

exp'rimental value of T = 410 0 K and solve for 2a we find,c

1/3 -82a = 2(T k/8M (0)H.(O)) = 97 X 10 cm. (4)c

Za can also be determined independently by measuring the slope at the

bottom or the top of the hysteresis loop, and using the standard relation

for parallel domain walls,

2 x/W = X H/M (5)
C

where x is the change in the position of a domain wall from equilibrium

and X is the magnetic susceptibility. Use of the T = 0 values given above,

X = 2.69 X 10- 3 emu/cc/Oe, and W = 59. 5 X 10- 4 cm, the domain width
(6) -8adjusted for our samples size, yields 2x = 2a = 114 X 10 cm, in

reasonable agreement with Equation (4).

A final check to see if the mode] was self consistent was obtained by

solving the following equation for M.

dM/dt = (3H/4 7T - M)/T. (6)

Experimental values of ' from Figure 20 were used. The result is

shown in Figure 23. It can be seen that the measured values of T indicate

that M should have sharper corners and approach an equilibrium situation

faster than the measured curve does.

The period associated with the pinning sites is larger than the period

of the lattice which inplies the pinning sites are associated with imperfections

which tend to be ordered. One would not expect perfect order and we suggest

,s nearly ordered array of imperfections with 2a fluctuating mildly as we
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Measured Hysteresis Mildly Fluctuates with

Loop to one Calculated Position in the Lattice

From Measured T" 's

procced through the lattice. The net effect would be a bulk hysteresis loop

which is a summation of individual sharp cornered loops with unique H. 's,1

each one associated with portions of a domain wall encountering a region

with a unique well dcfincd Za. Some expected effects associated with this

interpretation are shown in Figure 24.

Firstly, it is evident that this interpretation can resolve the apparent

discrepancy between the calculated curve and the measured curve.

Secondly, we would expect a variation in the curve shapes from crystal to

crystal reflecting a variation in the degree of order. Extreme examples

of this are shown in Figures 25 and 26. Figure Z5 would be associated with

a highly disordered array and is approaching normal minor loop behavior.

Figure 26 indicates a higher degree of order. Thirdly, we now proceed on

the left side of the loop to some point, designated by the intersection of

th short so!id 1 ines in Figure 24, then increase the field being careful

to stay away from behavior associated with the right side for any individual

loop. Now if the field is again decreased, while recording, the intrinsic

shirp corner should be revealed since all the individual loops turn the
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corner at the same field as indicated by the short line. However, if we get

close enough to the right side so that some smaller loops have begun to drift

SmCo 5 SSmno. 5 NdO.5 COS
z 11// /
.4

-50 0 50
H(O) -250 0 250

H (Os)

Figure 25. Hysteresis Loop Associated Figure 26. Hysteresis Loop
with a Highly Disordered Associated with a Nearly

Array of Imperfections Order Array of Imperfections

up, then decrease the tield, recording again, the corner will become

rounder since some of the small loops will begin to drift down before the

larger ones. This effect, as indicated by the longer lines in Figure 24,

becomes stronger with closer approaches to the right side. Figure 27

shows this effect quite dramatically, finally making the model completely

self consistent.

SSm Co5
z

.4t1:

03

H (ARBITRARY UNITS)

Figure 27. Experimental Observation

of the Intrinsic Sharp Corner

10. 4 DISCUSSION OF RESULTS

It is interesting to note that the temperature dependence of H., Figure

19, is very similar to that reported for H in small particles by Benz and

Martin. ( 7 ) The magnitude of the effect is much smaller, however, and the
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II 0 intercept occurs at T = 410 0 K compared to T = 700aK for H = 0.I C C C

The possibility that the pinning sites which lead to H. / 0 are related to the
1

pinning or nucleating sites on the surfaces of small particles will be explored

in the future.

Finally, it should be mentioned that for a high energy domain wall

arguments based on a small unit of the wall acting individually may lead

to rather large errors. In fact, the large increase in wall energy that

would be associated with one unit hopping may make a larger portion of the

wall consisting of many coupled units hopping over their individual barriers

a more probable event. This means that Za may have been over estimated

or Za Z 100 X l0 - 8 cm.
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